The Group Contribution Equation of State (GC-EoS) was extended to represent high-pressure phase equilibria behavior of mixtures containing mono-, di-, triglycerides, and carbon dioxide (CO 2 ). For this purpose, the alcohol-ester and the alcoholtriglyceride binary group interaction parameters were regressed in this work, using experimental phase equilibria data from the literature. The capability of the parameters obtained was assessed by applying the GC-EoS model to simulate the supercritical CO 2 fractionation of a complex glyceride mixture, which was produced by the ethanolysis of sunflower oil. Experimental data was obtained in a countercurrent packed extraction column at pressures ranging from 16 to 25 MPa and temperatures from 313 to 368 K. The GC-EoS model was applied in a completely predictive manner to simulate the phase equilibria behavior of the multistage separation process. The chemical analysis of the glyceride mixture allowed a significant simplification of its complex composition and thus, a simple and satisfactory simulation of the supercritical extraction process was achieved.
Introduction
Lipid compounds are gaining increasing attention due to a wide range of applications in the food industry. Particularly, monoglycerides and diglycerides are potentially attractive starting materials for numerous synthetic applications [1, 2] . They can be employed for the synthesis of structured lipids, phospholipids, glycolipids, lipoproteins, and preparation of numerous enzyme agonists and antagonists [3] . Monoglycerides are the most commonly used surface-active lipids and can be used for emulsification, aeration, as defoaming agents, oil stabilizers, and so forth [4] . Additionally, diglycerides have been developed in recent years as alternatives for fat/oil [5] .
Mono-, di-, and triglyceride mixtures are commonly produced by glycerol esterification with fatty acids, transesterification of triglycerides or lipase-catalyzed hydrolysis, or alcoholysis of oils. Generally, the goal is the manufacture of a final product with a defined glyceride composition, and purification of the reaction product is often necessary.
Supercritical carbon dioxide SCCO 2 has been widely studied as a potential solvent for lipid extraction and fractionation [6] . In the case of glyceride mixtures, differences in molecular weight, polarity, and chemical structure of the glyceride species directly affect the resultant SCCO 2 separation process. That is, the distribution of the different species between the liquid and supercritical phase depends not only on the CO 2 -glyceride and glyceride-glyceride interactions, but also on the glyceride vapor pressures [7] .
Solubility data of mono-, di-, and triglycerides in SCCO 2 reported in the literature [8] [9] [10] [11] [12] corroborate these ideas. Although trilaurin has a molecular weight 2.3 times higher and a vapor pressure 150 times smaller than monolaurin, the high polarity of monolaurin was found to limit its solubility in SCCO 2 [10, 11] . When the fatty-acid chain length is increased, a greater monoglyceride solubility is obtained compared to the triglyceride solubility of an equivalent fatty-acid chain length, as demonstrated for the case of the monoolein/ triolein pair [12] . Therefore, as the fatty-acid chain length increases, the difference in molecular weight and vapor 2 Journal of Thermodynamics pressure between the mono-, di-, and triglyceride becomes more significant, minimizing the polarity differences of the respective lipid species.
Solubility and vapor-liquid equilibrium data are frequently employed to the regression of phase equilibria thermodynamic model parameters. Then, these models can be utilized to the simulation and optimization of supercritical extraction (SFE) processes. Particularly, the Group Contribution Equation of State (GC-EoS) [13, 14] has been applied as the phase equilibria predictive tool in the simulation and optimization of supercritical countercurrent extraction and fractionation of several lipid-type raw materials [15] [16] [17] [18] . The great advantage of the group contribution approach is the representation of the usually complex (multicomponent) raw material by using a reduced number of functional groups. In turn, the validity of the group contribution method is very much supported by the accuracy of the resulted group interaction parameters.
Recently, Fornari [19] presented a revision of the GCEoS parameter table and demonstrate the capability of the model to represent high-pressure vapor-liquid equilibria of several oil-constituent substances (fatty acids, fatty acid alkyl esters, triglycerides, tocopherols, and squalene) with SCCO 2 . Nevertheless, the lack of some binary group interaction parameters in the GC-EoS parameter matrix did not allow the phase equilibria prediction of glyceride mixtures and CO 2 . Thus, the alcohol-ester and alcohol-triglyceride binary interaction parameters were obtained in this work, and the parameters regressed were tested by applying the model in a predictive manner to simulate the supercritical fractionation of a complex glyceride mixture.
Experimental

Equipment and Method.
The supercritical fluid extraction (SFE) plant employed in this work comprises a countercurrent extraction column (316 stainless steel), two cascade separator cells (270 mL capacity), and a cryogenic trap at atmospheric pressure. The column is 100 cm height, 12 mm internal diameter and is packed with Fenske rings (3 × 0.5 mm). The extract can be fractionated by a cascade decompression in the two separator cells. All units are electrically thermostatized. The SFE pilot plant has computerized instrumentation and a control system with several safety devices including valves and alarms [16] .
A continuous flow of CO 2 was pumped (Dosapro Milton Roy pump) up to the extraction pressure and preheated up to the extraction temperature before being introduced into the packed column. When the operating pressure and temperature were stabilized, the liquid sample was pumped (100 mL/h) from the top of the extraction column during 60 min. Then, CO 2 was introduced into the column for additional 30 min (without pumping liquid sample) to ensure that all material was extracted. The liquid sample was also preheated up to the extraction temperature before being introduced into the column and thus, the extraction procedure was carried out under isothermal condition. In all experiments, the first separator (S1) was maintained at 15 MPa and 333 K, while the second separator cell (S2) was maintained at low pressure (<2 MPa) in order to recover all the remained extracted material in this unit. Samples were collected from the fraction not extracted or residue (bottom product) and from the liquid material precipitated in the separators (top products). All samples were weighted and analyzed; the material balance closed in all experiments with an accuracy of 90% or greater. The compositions of raffinate (bottom product) were employed to test the GC-EoS model simulation.
Materials and Analysis
Sample and Reagents.
Sunflower oil was purchased in a Spanish market. The partial ethanolysis of the oil was carried out in our laboratory as described in previous work [20] . According to the analysis carried out in our laboratory, the reaction product resulted contained (weight basis) 48.2% of fatty acid ethyl esters, 17.0% of monoglycerides, 26.5% diglycerides, and 7.9% triglycerides, together with minor amounts of free fatty acids. Carbon dioxide N38 (99.98%) was purchased to AL Air Liquide España S. A. (Madrid, Spain). All solvents used were HPLC grade from Lab-Scan (Dublin, Ireland).
HPLC Analysis.
The composition analyses of the neutral lipids were effected on a kromasil silica 60 column (250 mm by 4.6 mm, Análisis Vinicos, Tomelloso, Spain) coupled to a CTO 10A VP 2 oven, an LC-10AD VP pump, a gradient module FCV-10AL VP, a DGU-14A degasser, and an evaporative light scattering detector ELSD-LT from Shimadzu (IZASA, Spain). The ELSD conditions were 2.2 bars, 35
• C, and gain 3. The flow rate was 2 mL/min. A splitter valve was used after the column and only 50% of the mobile phase was directed through the detector. The column temperature was maintained at 35
• C. The mobile phase utilized has been previously reported by Torres et al. [21] .
Gas Chromatography.
For the analysis of fatty acid ethyl esters, one μL of the diluted sample was injected into an Agilent (Avondale, PA) gas chromatograph (6890N Network GC System) coupled to an autosampler (Agilent 7683B). The capillary column was a 30 m HP-88 (Avondale, PA) (0.25 mm i.d.). The temperatures of the injector and detector were 220 and 250
• C, respectively. The temperature program was as follows: starting at 100
• C and then heating to 180
• C at 20
• C/min; followed by heating from 180 to 220
• C/min. The final temperature (220 • C) was held for 30 minutes. Hexane was employed as solvent in preparing the samples. Identification of the various free fatty acids was based on a PUFA no. 3 standard (no. 4-7085) obtained from Supelco.
The GC-EoS Model
The GC-EoS [13, 14] is a group contribution equation of state originally developed for both nonpolar and polar components. The residual Helmholtz energy of the system is calculated assuming two contributions: a free volume repulsive term and a contribution which accounts for energy attractions among groups. A detail description of the model equations is given in the appendix.
In the repulsive term, each substance is characterized by its critical hard sphere diameter d c . In the original model [13] , the d c values are calculated from critical properties for gases, and for solvents are fitted to pure component vapor pressure data. Nevertheless, these procedures cannot be adopted for low-volatile and thermolabile substances, such as high molecular weight glycerides, since their critical parameters are unattainable and the vapor pressure data are usually scarce and inaccurate. In these cases, the following procedure, which was applied in this work, can be adopted. First, Fedors group contribution method [22] is used to calculate the glyceride critical temperature, and the procedure described by Bottini et al. [23] (based on the use of infinite dilution activity coefficient data) to estimate the glyceride d c values. Then, the glyceride critical pressure can be derived from (A.5) of the appendix.
The GC-EoS attractive term has five pure-group parameters (T * , q, g * , g , and g and four binary interaction parameters (k * i j , k i j , α i j , and α ji ). All pure group and binary group interaction parameters required to the phase equilibria modeling of glyceride mixtures and CO 2 are available in the literature [19] except for the alcohol-ester and alcoholtriglyceride interaction parameters. These parameters were adjusted in this work using phase equilibria data from the literature. The alcohol-ester interaction was regressed using a large set of vapor-liquid equilibrium (VLE) data corresponding to binary 1-alcohol + ester mixtures [24] [25] [26] [27] [28] [29] , and the alcohol-triglyceride interaction parameters were adjusted using infinite dilution activity coefficient (γ ∞ ) data of 1-alcohols and 2-alcohols in triglycerides [30] [31] [32] . Table 1 reports the corresponding literature references of the alcohol + ester VLE data employed in the regression of the alcohol (CH 2 OH) − ester (CH 2 COO and CH 3 COO) group interaction parameters. Also given in the table are the experimental temperature and pressure ranges, the number of experimental data points, and the standard deviations obtained in the regression procedure. The objective function was the minimization of the standard deviation of the vapor (y i ) and liquid (x i ) mole fractions; in the case that the alcohol + ester binary mixture exhibits azeotropic behavior, the standard deviation in x i and the average relative error in the calculation of the equilibrium pressure (P) were minimized (see Table 1 ). Figure 1 depicts some examples of the quality of the regression obtained; as can be deduced from Figure 1(b) , the parameters obtained can satisfactory reproduce azeotropic behavior.
Results and Discussion
Regression of the Alcohol-Ester Binary Interaction Parameters.
Additionally, it should be noticed that no experimental data corresponding to mixtures containing glycerides were employed in the regression of the alcohol-ester interaction parameters. Thus, the application of these parameters in the phase equilibria modeling of the experimental data obtained in this work is carried out in a predictive mode. Table 3 . Following the procedure described before, the critical parameters and d c value of triglycerides were calculated in this work. The results obtained are given in Table 4 and correspond to the same values reported by Fornari [19] .
Regression of the Alcohol-TG Binary Interaction Parameters.
As referred previously, Bottini et al. [23] employed experimental γ ∞ data of n-alkanes in triglycerides to estimate the d c parameter for the triglyceride molecules; the presence of three long hydrocarbon chains in triglyceride molecules makes their mixtures with n-alkanes nearly athermal solutions and thus, phase equilibria modeling is mainly determined by the repulsive term. In this way, realistic values of triglyceride d c values were determined as can be deduced from Table 4 Table 4 , and the standard deviations obtained in the regression are given in Table 3 . As in the case of triglycerides, the monopalmitin d c value obtained from γ ∞ data is in accordance with the value regressed from a single vapor pressure data (see Table 4 ). That is, the use of experimental γ ∞ data to fit pure component parameters of highmolecular weight compounds, usually required in EoS phase equilibria modeling, appears as a valid procedure.
Estimation of Mono-and Diglyceride
Due to the lack of γ ∞ data of n-alkanes or alcohols in mono-and diolein, the d c values of these glycerides were adjusted using experimental solubility data (weight fractions) in SCCO 2 [1012] ; the values resulted are given in Table 4 and the standard deviations (
2 ) obtained were, respectively, 7.7 and 7.9% for monoolein and diolein solubility (see Figure 2 ).
Phase Equilibria Simulation of the Countercurrent SCCO 2
Fractionation of a Complex Glyceride Mixture. The different extraction conditions, that is, temperature, pressure, and solvent-to-feed (S/F) ratio, employed in the experimental assays are given in Table 5 . Also given in the table are the experimental compositions of monoglycerides (MGs), diglycerides (DGs), and triaglycerides (TGs) obtained in the residue (bottom product of the extraction column). The extract (top product) comprises the two liquid fractions recovered in S1 and S2 separators units. The fatty acid ethyl ester (FAEE) yield in the extract (S1 + S2) was higher than 96% for all extractions reported in Table 5 . That is, in all experimental assays the FAEE was almost completely removed from Journal of Thermodynamics n-hexane, n-heptane in dipalmitin 6 11.1
the mixture. Weight fractions of FAEE in the residue were lower than 0.03; residue compositions in Table 5 are reported on a solvent (CO) and FAEE-free basis. [10, 12] .
All pure group and binary group interactions parameters employed in the phase equilibria simulations are given in Table 6 . As mentioned previously, the alcohol-ester and alcohol-TG parameters were regressed in this work, while the rest of parameters were obtained from the literature [19] .
The feed material of the countercurrent SFE experiments (i.e., the product of the ethanolysis of sunflower oil) was represented using appropriate model substances. Since the analysis of the fatty acid profile of this mixture provided 6 Journal of Thermodynamics Table 4 ) and the parameter matrix given in Table 6 , the residue composition was calculated in a completely predictive manner using the GC-EoS model. The SFE process was mathematically solved within a sequential process simulator (FORTRAN language) that includes rigorous models for a high-pressure multistage extractor [34] and a multiphase flash [35] . Table 5 gives the residue composition obtained in the different experimental assays, as predicted by the GC-EoS model. These results are also given on an FAEE-free basis since the weight fraction of FAEE in the residues calculated using the GC-EoS model was lower than 0.02 in all cases. That is, following the experimental observations, the GCEoS predicted almost a complete removal of FAEE from the feed mixture in all simulated conditions. Furthermore, the GC-EoS prediction of residue composition is very satisfactory, being the standard deviations, respectively, 8.17, 1.14, and 6.49 for MGs, DGs, and TGs weight fractions.
Further inspection of experiments 1 to 3 in Table 5 shows that the increase of pressure at 333 K results in a reduction of MGs concentration and an increase of TGs concentration; the same tendency is predicted by the GC-EoS model.
As mentioned before, differences in vapor pressure between MGs, DGs, and TGs could have great influence on the process selectivity, thus the effect of high extraction temperatures was experimentally studied (extractions 6 to 8 in Table 5 ). The experimental results show no significant effect of temperature on the residue composition. On the contrary, model predictions clearly show that, with increasing temperature, MGs concentration increases while DGs and TGs concentrations decrease. This discrepancy could be attributed to an overestimation of the increase of MGs vapor pressure with temperature in comparison with DGs and TGs vapor pressures, as predicted by the GC-EoS model.
Conclusions
The alcohol-ester and alcohol-triglyceride GC-EoS group interaction parameters were regressed in this work using a large set of VLE data of binary 1-alcohol + ester mixtures, and γ ∞ data of 1-alcohols and 2-alcohols in triglycerides. The validity of the parameters regressed was tested using the GC-EoS model to predict the fractionation of a complex glyceride mixture, obtained from the lipase-catalyzed ethanolysis of sunflower oil. Countercurrent SFE assays were carried out in this work using a 100 cm packed column, at pressures ranging from 16 to 25 MPa and temperatures from 313 to 368 K.
The simulation of the extraction processes was supported by an appropriate selection of model substances to represent the product of the ethanolysis reaction (feed raw material of the countercurrent SFE experiments). Satisfactory agreement between experimental and simulated data was in general observed. Main discrepancies between experimental and predicted results were observed at high extraction temperatures (353-368 K), that is when the model is extrapolated to a temperature range not employed in the regression of parameters.
